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1 | INTRODUCTION

| Cesar David Vera-Donoso? | Georgios Konstantinou® |

Juan Bautista OrtizZ | Montserrat Carles® |

Abstract

Nuclear medicine probes turned into the key for the identification and precise
location of sentinel lymph nodes and other occult lesions (i.e., tumors) by using
the systemic administration of radiotracers. Intraoperative nuclear probes are
key in the surgical management of some malignancies as well as in the deter-
mination of positive surgical margins, thus reducing the extent and potential
surgery morbidity.

Depending on their application, nuclear probes are classified into two main
categories, namely, counting and imaging. Although counting probes present
a simple design, are handheld (to be moved rapidly), and provide only acoustic
signals when detecting radiation, imaging probes, also known as cameras, are
more hardware-complex and also able to provide images but at the cost of an
increased intervention time as displacing the camera has to be done slowly.
This review article begins with an introductory section to highlight the relevance
of nuclear-based probes and their components as well as the main differences
between ionization- (semiconductor) and scintillation-based probes. Then, the
most significant performance parameters of the probe are reviewed (i.e., sensi-
tivity, contrast, count rate capabilities, shielding, energy, and spatial resolution),
as well as the different types of probes based on the target radiation nature,
namely: gamma (y), beta (8) (positron and electron), and Cherenkov. Various
available intraoperative nuclear probes are finally compared in terms of perfor-
mance to discuss the state-of-the-art of nuclear medicine probes.

The manuscript concludes by discussing the ideal probe design and the aspects
to be considered when selecting nuclear-medicine probes.

KEYWORDS
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causing approximately 10 million deaths. By 2040, these
numbers are estimated to reach 29.5 million and 16.4

Cancer, in its broadest sense, refers to around 280 dif-
ferent types of disease and is the result of genetic and
other changes that lead to cellular dysfunctions.! Cancer
constitutes one of the leading causes of death world-
wide; thus, its early diagnosis and assessment after
surgery constitute a major global concern. During 2020,
more than 19 million new cancer cases were diagnosed

million, respectively?

Depending on the cancer stage when is first diag-
nosed, different treatment methodologies are available.
The possibility of surgical intervention usually increases
survival rates® being surgical resection the preferred
option for localized tumors in patients whose organ is
still functional.* The high mortality rate of some cancers
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lllustrative drawing of negative and positive surgical

relates to the long-term outcomes after surgery that are
influenced by factors such as the number and size of
tumoral cells, presence of cancer in the vascular sys-
tem, and remaining positive surgical margins (PSM).°

A surgical margin, also called resection margin, is the
boundary of seemingly noncancerous cells where the
malignancy has been surgically removed. The excised
specimen is microscopically examined by a pathologist
to check if the surgical margin is free from cancerous
cells and, if cancerous cells are found at these bound-
aries, that is, PSM, then it is unlikely that the surgery
achieves good results, and the patient will probably need
another intervention or adjuvant treatments such as
radiation therapy with increased morbidity or complica-
tions on their health. Figure 1 provides a sketch show-
ing the difference between negative and PSM. The pres-
ence of PSM is a foremost problem after resection surg-
eries and the main cause of cancer persistence and
recurrence.”’ Note that PSMs are present in all cancer
types requiring the removal of a tumor or tissue (spe-
cial relevant in prostate® and kidney cancers®); thus, its
precise identification is a common requirement.

In addition to conventional methods looking at thin
slices of excised tissue from the boundaries of the
resection margin, methods based on intraoperative
imaging techniques are used to assess PSM'? in real
time; thus, in the case of a positive outcome, the correc-
tion can be made during the same intervention. However,
the accuracy of these techniques is limited,'" resulting
in false negatives and causing the recurrence of cancer
at the surgical margin.

To improve the delimitation of surgical margins, alter-
native approaches have been suggested. The use of
intraoperative tools for both surgery and therapy guid-
ance has become crucial in this regard as it allows one
to mitigate the errors associated with reduced quantita-
tive information available during surgery. Different intra-
operative counting and imaging modalities are currently
used, each one has different applications depending on
the sensitivity, spatial capabilities, timing resolution, and
field of view (FOV) required. Table 1 outlines the most
common used techniques and their main features.

Among these techniques, nuclear medicine has
proven to be the ideal candidate for the determination
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of PSM® and, in particular, handheld counting or imag-
ing nuclear probes have been demonstrated to be key
instruments'’'? as they allow the surgeon to easily
identify the presence of radioactivity (after the injection
of a radiotracer usually for presurgery imaging of the
lesion) by slowly displacing the probe over the excised
area. Sketches of 1D nuclear probes used for different
purposes are shown in Figure 2.

In the following, the different intraoperative probes
used in nuclear medicine and their applications are sum-
marized. Moreover, a comprehensive description of the
different types of probes, including counting and imag-
ing devices, as well as the materials and methodology
most commonly used, is presented. The manuscript con-
cludes with a description of what we consider the “ideal
probe.”

2 | NUCLEAR MEDICINE PROBES

The first reported use of intraoperative probes dates
from 1951"'* and since then, the numbers of applications
and manufacturers offering commercial intraoperative
probes have exponentially grown. The evolution and
development of high-performance and high-sensitivity
probes has been closely tied to the progress in high-
performance detector technology and advancements in
scintillation materials.

Intraoperative probes are used in general for the
detection of the radiation that usually results from the
injection (or eventually inhalation or swallowing) of a
radiotracer compound and, in particular, for sentinel
lymph node (SLN) biopsy."”® Nuclear medicine probes
are used as a complementary tool for a more precise
location of malignancies either to guide biopsy proce-
dures or for their removal in the surgical field (SLN or
residual tumoral cells).

As will be discussed later, probes can be designed to
directly detect beta (8) particles (superficial detection) or
gamma (y) rays (deep detection).'® In the case of beta
emitters, the positron annihilates with an orbital electron
in the patient’s tissue emitting as a result two opposed
511-keV y-rays (depending on the probe’s design and
application either the positron or annihilation radiation is
detected), but, in the case of single gamma radiotracers
(scintigraphic), a gamma particle is directly emitted and
detected.'*

In general, probes are classified into two main cate-
gories based on the complexity of the design, namely,
counting or imaging (i.e., gamma cameras) probes.
Counting probes provide only variable acoustic signals
corresponding to the rate of detected radiation and are
handheld enabling fast movements of the probe across
the surface under evaluation. Moreover, counting probes
are exposed to biological fluids (e.g., blood); thus, the
probe’s head must be waterproof. Imaging probes,
however, are able to provide images that are useful
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TABLE 1 Main features of commonly used intraoperatively techniques
Spatial Temporal

Modality resolution resolution FOV (mm) Cost ($) Enhanced tissue

us ~um ~120 frame/s  ~200 10-100k Muscles, tendons, ligaments, and vessels

X-ray UM mm ~7-30 ~430 10-100k Bones and vessels

OCT um ~4-40 ~200 10-100k Cytoarchitecture

MR mm ~5-15 ~550 1-10M Muscles, tendons, ligaments, vessels, and
metabolic and functional processes

Endo/laparoscopy um m ~10-30 ~100 0.1-100k Bones, muscles, tendons, ligaments, vessels,
and metabolic and functional processes

PA imaging um m <0.01 ~100 1-10k Bones, vessels, and metabolic and functional
processes

Nuclear medicine ~mm <0.01 ~5 10-500k Metabolic and functional processes

Raman spectroscopy <mm <0.01 ~200 10-100k Cytoarchitecture

Abbreviations: FOV, field of view; MR, magnetic resonance; OCT, optical coherence tomography; PA, photoacoustic; US, ultrasounds.
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(b) Internal detection;
laparoscopic surgery

The probe is inserted into
the patient to survey the

(c) Internal detection;
robot-assisted surgery

Both the probe and the
robot are inserted into the
patient for guided-surgery

Sketches of 1D nuclear detection probes: (a) external detection of tumoral cells during open intervention operating with a

gamma probe, (b) internal detection during surgery with a gamma probe, and (c) internal detection during robot-assisted surgery. Real surgical

pictures extracted from Ref. [13]

for guiding biopsy. Providing accurate images usually
requires adding collimators at the entrance face of the
probe’s detector. Collimators allow identifying the source
of radiation emission while reducing the contribution
of radiation coming from surrounding areas (noise).
However, collimators are bulky and heavy thus the
movement of imaging probes is limited and slow. More-
over, including a collimator limits the number of counts
that are collected, thus decreasing detector efficiency
and reducing sensitivity.!” Nevertheless, imaging probes
present two major advantages over counting probes: (i)
allow for more precise detection of tumoral cells than
acoustic counting probes, specifically when the area
under investigation is near organs that might accumu-
late radioactive compound (i.e., the bladder); and (ii)
images are helpful in evaluating complete resection.

21 |
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Basic components of nuclear

The physical principle upon which, both counting and
imaging, nuclear probes rely is the detection of radia-
tion to provide a measurable auditive or visual response,

respectively, proportional to the total radiation being
detected.'® Two main detector categories are differen-
tiated based on the materials used to stop the incoming
radiation:

1. lonization: These detectors are based on semicon-
ductor materials that directly convert the incoming
radiation into energy (direct conversion). As shown in
Figure 3, when a y-ray traverses, the depletion layer
generates the movement of electrons and holes,
which produces an output signal proportional to the
number charges conducted. Semiconductor detec-
tors provide good energy performance and enable
the rejection of scattered events (i.e., Compton inter-
actions). However, semiconductor detectors are dis-
turbed by temperature changes, charge polarization,
and require complex electronic circuits.'® Yet, the
introduction of application-specific integrated circuits
(ASICs) has partially alleviated the readout complex-
ity. Typical semiconductor materials are cadmium—
zinc—telluride (CdZnTe, also known as CZT) and cad-
mium telluride (CdTe). The high counting efficiencies
of semiconductor detectors for beta and lower energy
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FIGURE 3

Left, schematic of a semiconductor detector; center, schematic of a scintillation detector coupled to a PMT and two scintillation

detectors; and right, schematic of a scintillation detector coupled to an SiPM. PMT, photomultiplier tube; SiPM, silicon photomultiplier

gamma make them suitable as intraoperative beta

probes .2’

2. Scintillator: These types of detectors require the
arrangement of a scintillation material and a pho-
todetector to generate readable signals. Scintillator
materials possess a higher density and Z. than
semiconductors, thus providing a greater likelihood of
photoelectric interactions. Current scintillators man-
ufacturing techniques can fabricate consistent crys-
tals of a variety of dimensions that, combined with
recent developments in photodetector technology,
made scintillator-based detectors a very attractive
solution.?! Scintillation materials can be divided into
two groups:

a. Organic scintillators: These are characterized by
a fast response, thus being preferred for timing
measurements and fast neutron detection. How-
ever, they generally present low light yield and
their radiation length is tens of cm, thus leading
to reduced sensitivity for energetic gamma parti-
cles and larger probabilities of Compton scatter-
ing interactions.

b. Inorganic scintillators: These exhibit higher light
yield and linearity of response than organic mate-
rials, which results in better energy performance,
but their temporal response is slower. Because
of their high density and small radiation length
(~1-3 cm), they are appropriate for spectroscopy
measurements and radiation detection.?> Com-
mon inorganic scintillators are BGO, LYSO, or
CsI(Tl), among others.

Both ionization and scintillation detectors have been
commercially implemented in y-ray detectors° During
the last years, the scintillation configuration has gained
more interest, being the common probe structure based
on a scintillator (to stop the incoming radiation) coupled
to a photodetector (to convert the detected radiation into
measurable signals), and an electronic readout chain (to
produce visual, auditory, or both signals).

Regarding the photodetector, most of the nuclear
probes currently available or under investigation employ
photodetectors based on vacuum technology (Figure 3
center) such as photomultiplier tubes (PMTs) and mul-
tichannel PMTs (MC-PMTs), or based on semiconduc-
tor technology (Figure 3 right) such as photodiodes
(PIN), avalanche photodiodes and silicon photomulti-
pliers (SiPMs). Semiconductor detectors offer several
advantages over the vacuum ones, such as insensitivity
to magnetic fields (allowing their use within a magnetic
resonance imaging system), a larger market of suppli-
ers, and can be manufactured in a compact format with
different customizable geometries. Indeed, solid-state-
based nuclear probes have already demonstrated excel-
lent performance?® Table 2 reports the most relevant
properties of the photodetectors used in nuclear probes.

22 |
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Performance parameters of nuclear

The main parameters of interest to evaluate when
ensuring the probe’s (counting or imaging) optimal per-
formance depend on the design and components cho-
sen for its assembly. Usually, a nuclear probe’s evalua-
tion considers the following quantities:

1. Energy resolution: It defines the probe’s ability to dis-
criminate different energies of the measured radia-
tion thus reflects the ability to differentiate the activ-
ity coming from the lesion (i.e., tumoral target) from
that of coming from other healthy parts of the body
(background activity). The energy resolution is usu-
ally estimated as the ratio between the photopeak
(Epn) full-width-at-half-maximum and the centroid of
the measured energy spectra.?* For data acquisition,
an energy window is usually defined, and only events
with measured energy values falling in that range are
accepted. Note that the width of the energy window
depends on the probe energy resolution and impacts
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TABLE 2 Main characteristics of the photodetectors encountered in nuclear probes

Vacuum detector

Semiconductor detector

PMT MC-PMT PN, PIN APD SiPM

Detection efficiency Blue (%) 30 20 60 50 40

Green-yellow 40 40 80-90 60-70 25

(%)

Red (%) <6 <6 90-100 80 10
Temporal resolution 100 ps 10 ps 1-10 ns 1-10 ns 1-100 ps
Gain 10 10-10 1 200 10
MRI compatibility <10T Axial field 2 T Insensitive Insensitive Insensitive
Mechanical properties Delicate, Compact Compact and robust

bulky

Abbreviations: APD, avalanche photodiode; MC-PMT, multichannel photomultiplier tube; SiPM, silicon photomultiplier.

its performance by defining the portion of detected

events that are accepted. Usually an energy window

of Epp + 10% is selected.

2. Spatial and angular resolution: These quantities only
apply to imaging devices. The spatial resolution
reflects the detector’s capability to position incoming
radiation and is defined as a measure of the smallest
distance between two objects that can be resolved ?®
Including a collimator element is key achieving good
spatial resolution but implies a reduction in sensitivity;
thus, a tradeoff between spatial resolution and sen-
sitivity has to be carefully studied. The angular res-
olution is expressed as the double value of the half
opening of the detector’s acceptance angle and it is
affected by the distance and the fluctuation of scat-
tered events being detected 26

3. Sensitivity: It relates to the probe’s efficiency in con-
verting the incoming radiation into a useable signal 2’
It is usually calculated as the number of detected
counts as a function of the source activity and consti-
tutes one of the most important criteria for the selec-
tion of a probe. There are two distinct components
defining the sensitivity:

a. Geometric sensitivity: It is defined as the fraction of
emitted radiation that reaches the detector. Larger
sensitive detector areas lead to higher geometric
sensitivity and, for imaging devices, this quantity is
inversely proportional to the collimator thickness.

b. Intrinsic sensitivity (i.e., efficiency): It represents
the fraction of radiation that is efficiently detected
after impinging in the sensitive area of the detector.
This quantity is proportional to the density, dimen-
sions, and atomic number of the detector element.

Note that sensitivity is affected by the selected energy
windows being larger for wider energy ranges, charac-
teristics of the acquisition, and the attenuation of the
radiation in the patient?® Thus, sensitivity is affected
by tissue attenuation and decreases with depth follow-
ing the inverse square distance law. Higher sensitiv-
ity has been reported for probes based on scintillation

crystals; however, their accuracy is limited for profound
lesions.

4.

Contrast: It defines the probe’s ability to distinguish
activity in a specific area (i.e., tumoral area or SLN)
embedded in a lower activity background region. It is
usually calculated as the difference of the count rate
measured for the target volume (N7) and the back-
ground (Ng) as (N1 — Ng)/Nt). Contrast is affected by
the detector sensitivity, spatial resolution (in the case
of imaging probes), and energy performance.?*

. Count rate capability: It represents the maximum

number of counts that can be detected before the
detector saturates. For quantification purposes, it is of
major relevance working in the linear response region
of the detector, thus knowing the rate value at which
the detector stops producing proportional responses
to the amount of activity°

. Lateral and back shielding: These parameters are

used to estimate how efficient are the collimators in
blocking or reducing the amount of radiation reaching
the detector that comes from emission sources in the
surrounding of the target area. Note that side shield-
ing helps to improve spatial resolution but at the cost
of reducing the probe’s FOV.

Geometrical design and scintillator dimension: The
distance between the detector entrance face and
the area being examined affects all the previously
described parameters. On the one hand, smaller
detector-tissue distances provide maximum sensi-
tivity but low spatial and angular resolution. On the
other hand, larger distances impose lower sensitiv-
ity at contact but enlarge the FOV, thus decreasing
sensitivity dependence with depth. Therefore, a trade-
off between the device spatial resolution and global
sensitivity should be considered based on the probe’s
application.

To accurately evaluate and compare the performance

of different counting and imaging probes, two protocols
have been outlined, namely, IT (ltalian)?® and NEMA



REVIEW ON NUCLEAR-MEDICINE PROBES

(National Electrical Manufacturers Association)*° proto-
cols.

2.3 | Types of nuclear probes

Nuclear probes are classified in different classes
depending on the type of radiation to be detected
namely, y-rays, positrons (e*), electrons (e~), and
Cherenkov photons (Ch).

2.3.1 | Gamma (y)-probes

The first nuclear probe that was used intraoperatively
(i.e.,during surgical intervention) was employed to delin-
eate brain tumors and was a y-probe. Since its first
appearance, the field of application of y-probes (called
y-cameras when imaging is provided) has exponentially
increased, and many producers already offer intraoper-
ative y-probes for radioguided surgery (RGS). The major
field of application of y-probes has been SLN detection
and biopsy guidance. In 1997, Soluri et al. patented the
first handheld y-probe that is able to achieve high reso-
lution. This device was used for detecting sentinel nodes
and was constructed by coupling a Csl(TI) scintillator to
an MC-PMT array2'32 After some corrections to the ini-
tial design Soluri et al. performed the first imaging probe-
guided biopsy in a breast cancer patient.3

Since then, most developed y-probes were count-
ing probes based on scintillation crystals coupled to
photodiodes®* or to semiconductor detectors such as
SiPMs. Key parameter to consider when designing y-
counting probes, and counting probes in general, is
their count rate capability and contrast. As high rates
are expected closer to the lesion, tests using high-
activity sources in different background conditions are
performed when selecting the photosensor.

The main limitation of y-counting probes is their inabil-
ity to determine where the radiation is coming from, thus
being sensitive to the nonspecific uptake of the radio-
tracer. This hardens the detection of small lesions, espe-
cially of tumors that are in the proximity of the radio-
tracer injection point or to areas in which the activity ratio
of the tracer uptake in the tumor and surrounding area
is small. To alleviate this limitation in positioning, lateral
and back shielding, usually made of tungsten pieces, are
used for blocking y-rays coming from the surroundings
areas of the lesion. Furthermore, the probe’s detection
efficiency is strongly impacted by the relative angular
position and relative distance between the probe and the
explored area that in turn will affect the geometrical effi-
ciency of the probe (small probe—lesion distances imply
maximum sensitivity but at the cost of lower spatial res-
olution).

The construction of high-performance y-imaging tools
(i.e., probes) allows us to overcome these limitations as
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they provide a 2D image of the radiotracer distribution
in the body. In this way, it is possible to discriminate the
tumor signal from the background, thus improving the
device signal-to-noise ratio (SNR) that is necessary for
RGS.

In this regard, the y-camera geometrical efficiency
benefits from short distances between the detector
entrance face and the lesion as well as from intraop-
erative small FOV. Lateral shielding and back shielding
are implemented to provide adequate FOV size as well
as reducing the contribution of low-energy y-rays in
the image, which in turn enables better image contrast.
However, one of the main problems associated with
very small FOV (<4 cm?) is the need to acquire multiple
images to efficiently evaluate the surgical area and
the difficulty in holding the probe for several minutes
until the acquisition is completed. To mitigate this limi-
tation, as can be seen in Table 3, larger FOV (>5 cm?)
y-cameras have been developed and, to ensure stable
positioning, mechanical parts are used. Figure 4 shows
pictures of some of these probes.

Regarding the evolution of y-cameras, it was in the
2000s when the first clinical trial using a y-camera was
presented by Scopinaro et al. The evaluation demon-
strated a reduction of the SLN biopsy time because
of the use of the probe3’ Later in 2001, y-cameras,
based on semiconductor crystals (ZnCdTe), started to
be developed but, due to the big scintillators and collima-
tors, were too heavy to be used intraoperatively and usu-
ally required mechanical support to be moved. To over-
come these handling limitations, Soluri et al. patented
a novel probe design in which the scintillation crys-
tals were introduced inside the collimator holes. This
design exhibited better resolution and sensitivity than
conventional designs allowing RGS and biopsy even for
research in the preclinical field (i.e., with small animals).
In 2002, Pitre et al. proposed the replacement of the
multi-crystal array by a continuous planar crystal (mono-
lithic technology>?) coupled to a PSPMT?° boosting sen-
sitivity.

More recently, it has been proposed by using
y-cameras aided by laser beam pointers. The probe-
laser beam approach has been already used intraoper-
atively for radioguided occult lesion localization (ROLL)
and SLN biopsy improving surgical precision* This
technique has been also extended to the location of

other malignancies such as small renal tumors*'42

2.3.2 | Beta (B)-probes

There are clinical cases in which RGS based on y-
radiation detection is not possible due to the presence
of uptaking organs nearby the area under investigation,
such as in the brain or abdominal areas among others.*?
In this context, S-probes may constitute an excellent
alternative as beta radiation (electrons and positrons)
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FIGURE 4 Examples of some commercial y-probes and y-cameras. (a) GammaFinder, (b) NeoProbe 2000, (c) Wprobe, (d) MiniCam 1, (e)

Sentinella 102

Hollow space

Probe cable

Probe housing

FIGURE 5 Basic configuration of a -probe

has a short range in tissues (~1 mm), thus allowing for
the detection of superficial radiation.

B-Probes are sensitive to a short range of radiation,
thus avoiding the problem of background y-radiation
without the need for lateral and back shielding, while
being more sensitive and accurate in localizing the
tumoral lesions than y-probes** As in the case of
y-counting probes, special attention should be paid
to the S-probes count rate capability as high rates are
expected especially when detecting superficial radiation.

Nevertheless, as §-probes have to be in contact with
the tissues under examination to provide high geometri-
cal efficiency, their design suggests some technological
constraints such as being compact, lightweight (<250 g),
and easy to handle. Moreover, 8-probes sensitivity has to
be high enough to enable a fast detection (range of sec-
onds to be time compatible with the surgical practice) of
areas with low radiotracer uptake.

Regarding B-probe’s spatial resolution, the quantity
has to be in the order of just a few millimeters to improve
the tumor SNR and must reduce the influence of the
signal coming from the surrounding areas, thus also
improving the tumor-to-background ratio, image con-
trast, and boosting detection efficiency. To account for
this all, typical S-probe designs present diameter sizes
between 8 and 15 mm with an active detector area
of ~15-25 mm?23% The external face of the probe is
typically covered to protect the detector-sensitive area
from external light. Conventional §-probes were based
on plastic scintillation detectors;*> but due to recent
improvements in the photodetector technology, most
of the existing -probes or under development include

PCVring Delrinring Protective film

Photodetector

Organic Scintillator

semiconductor technology, see Figure 5 for a schematic
of an SiPM-based S-probe.

Depending on the type of § particle detected, 3-probes
are grouped into two main categories, namely, positron
(8™) or electron (8~) probes, and their selection depends
on the target application, as described in the following.

Positron probe (8*-probe)

Positrons (8*) are direct ionizing particles, meaning that
the deposit of its energy occurs via elastic scattering
from nuclei or inelastic collision with other electrons
encountered in the medium (i.e.,tissue). Note that,due to
the energy typically encountered in clinical applications
(few MeV or less), only a small portion of the energy loss
is caused by direct radiation emission.

The positrons detected with the probes are produced
inside the patient body as the decay product of a
radiotracer that is usually injected to perform Positron
Emission Tomography (PET) imaging. These emitted
positrons travel a short path inside the patient body
before annihilating with an electron in the tissue; thus
deep emitted 8t annihilates before reaching the detec-
tor.

B+-Probes aim therefore for the identification of super-
ficial radiation and usually include metallic shielding or
protective films at the entrance face of the detector
to block incoming electrons. Intraoperative 8*-probes
based on semiconductor technology have demonstrated
to perform best for lesion localization and postopera-
tive control of the excision cavity,*® and its performance
depends on the scintillator material, light window, shield-
ing, optical reflectors, and photosensor technology.
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Several studies have been performed, both based on
simulations and experiments to determine the best §*-
probe design. In these studies, special attention was
given to the study of the optimal probe’s energy range
for operation as it directly impacts sensitivity. In Ref. [35],
for example, the authors evaluated, through Monte Carlo
simulations, different 8" -probe designs based on a scin-
tillator,including optical reflectors and then coupled to an
array of SiPMs including a spread window in between.
The design provided an FOV of 25.7 x 25.7 mm? and
the readout comprised two ASICs. Another example is
the probe scheme presented in Ref. [47] in which the
probe was united with a biopsy or excision tool for the
simultaneous detection and removal of the target tissue.

Other studies have already demonstrated that g*-
probes are feasible to detect tumors of ~2 mm in
diameter*® guide breast tumor excision*® and explo-
ration of known or suspected metastatic diseases.?’
Table 4 reports the main characteristics of some devel-
oped counting and imaging 3*-probes, and this informa-
tion is extracted from Ref. [36] and references therein.

Electron probe (8~ -probe)

Pure g~ particles are able to penetrate only a few
millimeters in tissues without generating almost no y-
radiation, thus resulting in a high tumor-to-background
ratio and providing a clearer delineation of the tumoral
margins.’

The design of S~ -probes follows a similar approach
to the one used in 8*-probes.>? Different configurations
have been proposed and investigated for the develop-
ment of 3~-probes.”® Usually, these designs are based
on using nonhygroscopic, low density, and high light
yield scintillators such as para-terphenyl. In Ref. [54], for
example, the authors investigated a radiation-sensitive
scintillator tip made of commercial para-terphenyl show-
ing good performance.

B~ -Probes are very compact, achieve good sensitivity
to electrons, are almost transparent to bremsstrahlung
radiation, yield to millimetric spatial resolution, and pro-
vide a fast response. In most S~-probes design, the
detector head is assembled on top of a cylindrical body
of a 7-10-mm diameter and 14-cm length (depending
on the application), and the generated scintillation light is
conducted using optical fibers till the photodetector that
is placed outside the probe’s holder. However, it should
be pointed out that, 3~-probes are less interesting from
a medical point of view than *-probes due to a more
reduced selection of radiotracers available.

2.3.3 | Dual probes: beta and gamma
(Bly-probes)

To take advantage of both modalities’ features, the
development of hybrid dual probes (5/y-probes) has
been proposed. These dual probes usually include two

detectors: one for positrons detection and the other one
for gamma-radiation detection.>® Dual probes are of par-
ticular interest for intraoperative F-fluorodeoxyglucose
(FDG) localization as the y-sensitive probe is used to
identify tumors, whereas the 3-sensitive one is employed
for assessing PSM .33

The operation principle of dual probes is based on
detecting both the positron and gamma particles com-
ing from the patient using two different detectors com-
bined in one unique detector head. The number of
detected counts in the second detector (usually the
gamma detector) is subtracted from the number of
counts collected in the first detector (positron sensitive
one), thus providing an estimation of the number of
detected positrons that is an indicator of the presence
of radiotracer compound within few millimeters from the
surface. It should be noted that the detectors building
the dual probe do not present the same efficiency in
detecting gamma particles, which implies that before
subtracting the number of counts from the first detec-
tor, the recorded events of the second one should be
corrected by applying a weighting factor considering the
variance in efficiency for such particles.

Raylman et al. developed a dual 5/y-probes which con-
sisted of two solid-state detectors that could be oper-
ated in two modes,®® namely, 8- and y-optimized modes.
In their detector design, the difference between the sig-
nals coming from the - and y-optimized detectors was
used to subtract the gamma contribution to the signal
coming from the S-optimized detector. The most relevant
finding of this work is the reported gamma-detection
sensitivity, which suggested that the dual design may
enable the implementation of dual-radiopharmaceutical
procedures.

In the following years, other dual probe designs were
proposed and evaluated reporting good performance.
Due to the interest and excellent performance shown in
this hybrid approach, commercial designs such as the
dual probe are manufactured by IntraMedical Imaging
(Los Angeles, CA, USA).>/

2.3.4 | Cherenkov luminescence probes:
(CL-probes)

Cherenkov luminescence probes (CL-probes) are
based on the optical molecular modality of Cherenkov
luminescence imaging (CLI)>® which relies on the
detection of the Cherenkov yield produced in tissues.
Note that, after injecting the radiotracer, PET systems
measure the y-rays resulting from the positron—electron
annihilation, whereas CLI measures the Cherenkov pho-
tons generated by these charged particles (et or e™)
while traveling at faster speed than the speed of light
through the tissue.®® Note that, while in PET imaging
the achievable spatial resolution is limited by the range
of the positron, in the case of CLlI, as the positron path
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TABLE 5
generates CL

Characteristics of common radionuclides that

Isotope Endpoint Fraction above
(Decay Half-life energy Cih (%) in tissue
particle) (t)2) (keV) (n=1.4)

BF (5%) 109.8 min 633 58

90y (57) 64.1h 2280 93

311 (87) 8.02 days 606 37

Abbreviation: CL, Cherenkov luminescence.

before generating Cherenkov radiation is smaller than
the positron range, the spatial resolution is expected to
be better. Moreover, the wavelength of Cherenkov pho-
tons is predominantly in the ultraviolet (UV) and blue
areas of the electromagnetic spectra. In this region of
the electromagnetic spectra, photons are attenuated by
biologic tissue; thus, CLI is restricted to the detection
of very superficial radiation (<3 mm from the surface
in tissue) %0 and lateral and back shielding are used to
block high-energy y-rays coming from the surrounding
tissues. Table 5 summarizes information for a few com-
mon radionuclides used in PET or SPECT that also gen-
erate CL.

Independently of the radioisotope energy, the emis-
sion of Cherenkov radiation is produced close to the
radionuclide position (within a few millimeters) and can
be produced in biological tissues directly by the pri-
mary g particles: (1) passing through the tissue, or by
secondary electrons with kinetic energy beyond the
Cherenkov threshold. These electrons can be delta (8)
rays produced by the primary charged particles (2),
Compton- of photo-electrons produced by the emitted
y-ray (3). The Cherenkov emission can result also from
Bremsstrahlung radiation (4). See Figure 6 (left part) for
an explanatory drawing of these processes.

Because of the optical properties of tissues, CLI
requires using high sensitivity charge-coupled devices

(CCD) combined with optical lens and light-shielded
housings5? Figure 6 (right part) shows a conceptual
scheme of a CCD-based probe. Commercial devices
that have been already used for CLI detection are the
detector from the IVIS series®®: intensified CCD and
electron multiplying CCDs cameras,%* or PMTs coupled
to fiber optics and SiPMs®" Figure 7 summarizes the
type of radiation encountered when injecting a radio-
tracer in the patient and the type of detector suitable
for each one. In addition, CCD-based detectors have
already demonstrated good performance at high rates;
thus, they are ideal candidates for detecting high-activity
lesions.5°

CLI provides a favorable tool to detect superficial
B-radioisotopes.f® The use of CL-probes for dosimetry
validation in radiotherapy and proton therapy, monitoring
in vivo dosimetry, laparoscopy and endoscopy’’ and
RGS has already been reported .85 Furthermore, CL-
probes have been successfully used intraoperatively for
tumor delineation and resection, as well as to determine
PSM. It is worth noting that CLI can be performed
without administering any additional radiotracers, to
the ones injected for the presurgery SPECT or PET
scan.

Recently, research groups have been investigating
CL-probes and their applications. In Ref. [70], for exam-
ple, the authors used CL-probes to show the correlation
between total '8F-FDG uptake for detecting tumors, and
in Ref.[71], the authors reported the use of an intraoper-
ative CL-probe to detect PSM after prostatectomy show-
ing that tumoral cells were effectively detected. Simi-
larly, in Ref. [72], the authors used a Cherenkov probe
to detect PMS in breast cancer patients. Note that the
CL-probes used in these studies were not optimized for
intraoperative imaging, and the detections of cancerous
cells were performed in vitro after excising the specimen
(prostate or breast); thus, a handful, small, intraoperative
CL-probe is still lacking.

Tissue, refractive index n =1.4

Compton
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FIGURE 6
scheme of a CCD-based probe. CCD, charge-coupled devices

Left, schematics of the processes responsible for Cherenkov radiation emission, adapted from Ref. [61]. Right, conceptual
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detector for each one

2.4 | Alternative to nuclear-probes:
fluorescent probes (FL-probes)

Despite the numerous advantages provided using
nuclear probes, they rely on exposure to radiation during
intraoperative assessment. To avoid this, probes based
on other modalities such as near-infrared fluorescent
probes (FL-probes) are being investigated.”

Fluorescence is a physical process in which light of
a specific wavelength, usually 300-800 nm, is emitted
due to the returning of an excited electron to its equilib-
rium state. FL-imaging constitutes a noninvasive imag-
ing technique and is commonly used for biochemical
applications such as the visualization of biological pro-
cesses in living organisms.”*

However, the use of FL-imaging is limited by the pho-
tobleaching phenomenon that damages the molecules
and reduces its fluorescent.”> Moreover, the efficiency of
FL-probes is extremely affected by several factors such
as nonuniform tissue illumination, temperature changes,
or absorbers that reduce or even block the fluorescence
signal.

Recently, label-free fluorescence lifetime imaging
(FLIm) has been proposed for guiding medical interven-
tions since uses tissue autofluorescence thus avoiding
the injection of any other contrast or chemical agents.”®
By exploiting FLIm techniques, the limitations previously
mentioned for conventional FL-imaging may be over-
come.

3 | THE “IDEAL” PROBE, DESIGN
CONSIDERATIONS

When selecting a medical tool, several factors should
be carefully considered such as performance of the
most relevant physical parameters, namely, spatial res-
olution, FOV size (in the case of imaging devices),
energy resolution, detection accuracy (i.e., sensitivity),
and temporal performance. Moreover, hardware fea-
tures such as the display screens or quality of the
auditive signal are also important as this affects the
probe’s ergonomics, the quality of the service, and
cost.

In the case of nuclear probes, it should also be eval-
uated the ability to distinguish the lesion from the injec-

Schematics of the different types of radiation encountered when injecting a radiotracer in the patient and the most suitable

tion point and background radiation; thus, sensitivity and
contrast are also important.

In principle, as different instrumentation technology is
used for different types of probes and applications, an
ideal probe would be built using available technology,
with good specifications, in all types of possible emis-
sions, namely, beta (both 8+ and 87), gamma (y) either
from annihilation or from scintigraphic radiotracers, and
Cherenkov (Ch).””-"® As gammas have a longer absorp-
tion length than g or Ch, the background can be difficult
to isolate; hence this mode of operation is perhaps the
least appealing.

If we look to B- and Ch-based probes, we realize
that both modalities have sub-centimeter absorption
lengths, rendering them ideal for positivity margin detec-
tion. Given thatin some presurgery protocols, radiotracer
administration is foreseen within 24 h before surgery,
and that common radiotracer half-life is comparable to
that, it is safe to assume that existing protocols have con-
sidered the safety of the patient and clinical personnel
in particular concerning their radiation exposure. Hence,
an ideal new probe technology will not require a signif-
icant expansion of existing protocols but will be able to
detect existing pre-administered radiation. Particularly
for protocols using PET imaging radiotracers, both g*
and Ch radiations are delivered. Hence, we focus on the
detection of these two particles.

The ideal detector should have, therefore, good dis-
crimination between the different particles, supported
by strong background noise rejection. A good energy
resolution would help this. It should also present a
linear response for high counting rates, thus allowing
for a simple counting function to the extent that this is
required by the medical professional, coming from low
dead time, but also be able to provide quality imag-
ing, through sufficient spatial resolution. In this regard,
the selection and enhancement of the photosensor
technology are key. Recent solid-state silicon-based
detectors provided significant spatial resolution and
broad particle detection capabilities. Considering the
example of Medipix4, a silicon tile built for high-energy
physics experiments at CERN,’® UV photons, and 8
particles are clearly distinguishable on their detection
signatures. This means that a probe based on such
technology not only has multimodal capabilities but is
also able to provide accurate simultaneous multimodal
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measurements, allowing readout signal analysis to
provide readily and real-time information on the relative
presence of particles, leading to optimal localization of
lesions within millimeters from the probe.

On top of detecting capabilities, it would be ideal to
design specific chips that include its associated readout,
firmware, and software for data processing, thus allow-
ing for quick prototyping, development, and commercial
manufacturing. The type of chips required could be con-
nected or loaded in custom hardware like microproces-
sors or an FPGA such as the Zyng of Xilinx allowing both
programmable logic and good quality microprocessing.
As such, a probe based on this technology can become
a breakthrough for the field.

Similar technology is applied in transmission electron
microscopy, which guarantees the functionality of the
detector as a -probe-applied tool, although weight is
not directly evaluated. However, such detectors, using
semiconductor technology such as Si, GaAs, and oth-
ers, have strong spatial distribution and energy resolu-
tion, rendering them ideal for imaging configurations.

Novel nuclear probe designs aim to improve state-of-
the-art (SOA) technology for both counting and imaging
instruments that should be possible by including all pre-
viously mentioned considerations. Regarding gamma
detection, commercial counting probes have already
reported energy resolutions as good as 7% and sen-
sitivity values of 3070 cps/MBq for an FOV of 14 mm
in diameter (see Neoprobe 2000 in Table 3), whereas
imaging y-probes are able to provide spatial resolu-
tion values of 0.9 mm at contact and reported sensi-
tivity values of 300 cps/MBq for a 50 x 50-mm? FOV
(see TReCam in Table 3); however, the energy resolu-
tion attainable using this nuclear probe is just 11.3%.
Thus, the tradeoff between energy and spatial resolu-
tion when designing the ideal probe has to be consid-
ered and will depend mostly on the probe’s application.
Such a tradeoff is obtained with an SSGC clinical cam-
era from Tsuchimochi (Japan), which provides spatial
and energy resolution values of 1.6 mm at contact and
6.9%, respectively, and a sensitivity of 150 cps/MBq for
an FOV of 44.8 x 44.8 mm?.

Regarding -radiation, it has already been reported
spatial resolution values as good as 0.5 mm for an
FOV of 1.6 cm? using B-probes (see Hudin, et al., in
Table 4), which includes a subtraction method to elim-
inate the y contribution in the acquired data. The sen-
sitivity of this probe is 340 cps/kBq at contact. There-
fore, new imaging probe designs should target spatial
resolutions <1 mm, while providing energy resolutions
<7% in an FOV > 50 mm? for the detection of ¥, 3, or
Ch radiation. Moreover, the design should provide high
sensitivity.

In addition to the abovementioned technological
requirements for the design of the ideal probe, it has to
be pointed out that, to provide useful outcomes, nuclear
probes require extensive data processing and, in the

case of imaging probes, accurate image reconstruction
methodologies. Moreover, automated feature selection,
segmentation, and classification techniques have to be
applied to the reconstructed images to identify which
patients would benefit from intervention or which type
of treatment better suits the patient condition (i.e., tumor
resection or radiotherapy, among others). Also, due to
the absence of background anatomical information, the
presence of residual noise, insufficient image quality,
and weak signals, interpreting the images provided by
imaging probes is not always easy and may lead to inac-
curate and unreliable diagnoses as well as tedious and
time-consuming patient staging.

In the recent years, the introduction of artificial intelli-
gence (Al) algorithms, in particular neural network (NN)
machine learning approaches, has shown promise to
face the abovementioned challenges. Machine learning
approaches have already been implemented in other
nuclear imaging applications®%8" to alleviate technolog-
ical limitations such as noise reduction, signal identifica-
tion, or data processing among others, as well as limita-
tions during the image reconstruction process. Moreover,
innovative NN methodologies have already proven to be
useful tools in the management of large and complex
data sets, image denoise®? and image segmentation 83
Current machine learning approaches can be modified
and combined with nuclear probes to overcome the
abovementioned limitations, boost the probe applica-
tion, and extend their clinical use. Thus, as described in
the following section, innovative nuclear probes should
be combined with novel and accurate machine learning
algorithms.

31 |
probes

Machine learning and nuclear

In the case of nuclear counting probes, introducing
machine learning algorithms may improve and fasten
the calibration procedures of the probe and ensure a lin-
ear response at high counting rates. In this regard, NNs
could be trained to identify the optimal signal level and
then, remove saturated/noisy signals?* see Figure 8 for
example. Similarly, the introduction of NNs might help
improving the SNR of counting probes as this parameter
is usually compromised by the presence of background
radiation coming from surrounding tissues, especially
when the presence of radiotracer in the area under
study is low. To do so, the network topology could be
trained to suppress noise and other related artifacts
from the input signal, as, for example, in the approach
presented in Ref. [85] in which the authors implemented
a convolutional NN (CNN) for image noise reduction in
low-dose computed tomography (CT) images. For the
counting probe case, the network will receive as inputs
the acoustic signals instead of images and would be
trained to denoise and magnify the acoustic signals that
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FIGURE 8

come from the lesion while suppressing the ones com-
ing from its surroundings.

Yet, it is with imaging nuclear probes, both y- and (-
probes, where machine learning approaches could be
of major interest. In the imaging context, machine learn-
ing can be employed to reduce image noise, improve
image contrast, and thus enhance diagnostic quality.
Several approaches have been implemented for differ-
ent imaging modalities during the last years, such as
the constrained by the identical, residual, cycle learn-
ing ensemble, which resulted in a twofold resolution
improvement for MR and CT images®® and also allowed
to retrieve high-resolution images from low CT res-
olution acquisitions?” Complementary to these SOA
works, in Ref. [88], the authors included the Wasser-
stein distance—guided domain®® to enforce the cycle-
consistency and establish a nonlinear mapping from
noisy low-resolution input images to noise-free high-
resolution outputs. Following these methods, NNs and
CNNs ensembles could be trained to learn the back-
ground noise patterns commonly observed when using
y- and B-imaging probes and to provide noise free
images. Moreover, including Al during the image recon-
struction might reduce artifacts and generate denoised
images.

With the aim of improving image reconstruction and
ease the learning process of anatomical features, in Ref.
[90], the authors proposed a contrastive voxel-wise rep-
resentation learning in CT images and, in Ref. [91], pre-
sented and validated an improved methodology named
simple contrastive voxel-wise representation distillation
(SimCVD) for CT image segmentation, which signifi-
cantly improved SOA voxel-wise representation learn-
ing.

Also, machine learning can be employed to quan-
tify the total tumor volume, the extension of the resec-
tion area, the presence of PSM (i.e., the main areas in
which nuclear probes are employed), and the correla-
tion of image features with clinical endpoints®' Studies
have already reported the improvements obtained when
using CNN for tumor margin classification in head-and-
neck cancer?? brain tumors®® or breast malignancies
among others.

Regarding FL-probes, machine learning procedures
might help to overcome some of the limitations pre-
sented in Section 2.4. In Ref. [95], for example, the

(c) Convolutional layers
for data processing

(d) Neural Network (e) Output signal/decision

Flattening
|:| = = B N .
&

Exemplification of the application of a CNN for signal denoise in nuclear counting probes. CNN, convolutional neural network

authors reported a nuclear segmentation tool (NuSeT)
based on deep learning to accurately segments nuclei
across multiple types of fluorescence imaging data.
Similar approaches could be implemented in FL-probes
to reduce false positives.

In conclusion, machine learning algorithms should be
considered and implemented in the next generation of
nuclear imaging probes.

4 | CLINICAL APPLICATIONS OF
NUCLEAR PROBES

High performance medical probes, such as the ones
described earlier, are relevant for multiple clinical appli-
cations and constitute key medical instruments in the
control of different pathologies.

Since the first reported intraoperative tumor localiza-
tion using a counting probe in 1951,'* several efforts
have been taken to enhance nuclear probe perfor-
mance. It has been already proven the feasibility of
using nuclear probes for tumor delineation using RGS
intraoperative margin evaluation after injecting a radio-
tracer. 5- and CL-probes have demonstrated superior
performance than gamma probes for PSM and resec-
tion. Counting probes are preferred for this applica-
tion because no image is needed as the probes are
used to confirm the precise localization of a lesion that
was previously identified.”® Recently, it has been pro-
posed by using counting probes as a complementary
tool to other imaging modalities, as using fast counting
probes, compared to the detection of y-rays, improves
real-time tumor localization.®® In this context, radiogu-
ided protocols have been already outlined, such as
ROLL 0

Regarding imaging nuclear probes, the enhanced
sensitivity and spatial resolution when compared to
SPECT or PET scanners enable a better detection of
small lesions. y-Cameras are the preferred type of imag-
ing probe as they achieve excellent spatial resolution
and high specificity for SLN identification. The enhanced
sensitivity and spatial selectivity of SOA imaging probes
combined with the absence of background noise (inser-
tion of a collimator) allow one to decrease the dose
injected to the patient and, thus, the one received by the
clinical personnel ?”
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(1) Injection of a radiotracer
for pre-surgery SPECT or
PET/CT

(2) Counting or imaging probe
used pre-surgery to detect
radiation and locate the lesion

FIGURE 9

(3a) Excision surgery is performed and
the probe is inserted to detect radiation
and identify surgical margins

(4) The cavity surface is inspected to
verify the accurate removal of the lesion

978 cp

(3b) The excised lesion is
surveyed with the probe to
check for superficial radiation

Exemplification of the clinical methodology usually followed: (1) radiotracer compounds are injected for presurgery SPECT or

PET/CT imaging, (2) counting or imaging probes are used presurgery to detect the presence of radiation and locate the lesion, (3)
resection/excision surgery is performed and the probe is inserted to determine surgical margins. The excised lesion is surveyed with the probe
to check for superficial radiation, and (4) the resection cavity is inspected to confirm the precision of the surgery. CT, computed tomography

As in the case of S-probes, CL-probes are of spe-
cial interest for the detection of superficial radiation and
thus for an improved assessment of PSM. CLI is used
in lymph nodes detection, endoscopy applications, and
for the detection of superficial cancer such as gastroin-
testinal tract cancers that are cutaneous cancer?® Pre-
liminary studies using CL-probes have shown promis-
ing results despite the fact that the sensitivity achieved
by CL-probes is much lower than the one reached by
probes based on scintillators coupled to photosensors.

Regarding applications, one of the main uses of
both counting and imaging probes is to precisely guide
surgery (i.e., RGS) by providing information for the local-
ization of hidden or challenging access lesions such as
tumors. Nuclear probes are also used for clinical assess-
ment thus to perform less invasive surgery and have
already been demonstrated to be fundamental in the
clinical routine for SLN biopsy as well as in the guidance
of tumor resection, PSM identification, and biopsy.”®

High-efficiency probes could enhance patient progno-
sis by enabling more accurate identification of the SLN
as this increases the probability of completely remov-
ing the surrounding metastatic areas.'”® Furthermore,
the uses of nuclear probes (both counting and imaging)
have also demonstrated promising results for the detec-
tion of other cancer types such as vulvar, cervical and
breast cancer, melanoma and other cutaneous malig-
nancies, oral cavity cancers, prostate, head and neck,
and urological cancers in general.'?

Nuclear probes are also used for noninvasive RGS.
Figure 9 shows the mostly used methodology in RGS
with nuclear probes. RGS methodology describes as
follows: A radiotracer is injected (presurgery) into the
patient for determining the exact tumor size and loca-
tion via SPECT or PET/CT imaging; then an accurate
nuclear probe (counting or imaging, depending on the
type of malignancy) is used for an exact tumor loca-
tion. The next step is to start the intervention, in which
probes are used intraoperatively at this stage for a pre-

cise definition of tumor margins and the tumoral region
is excised. Finally, the probe is used again to confirm that
tumoral areas do not remain and to validate the efficacy
of the surgery before patient closure. Postsurgery imag-
ing may be used in some cases to confirm the accuracy
of the resection.

Considering all previously mentioned advantages and
applications of nuclear probes, using these devices may
allow for an enhanced management of cancer as well
as other metabolic diseases, for example, in the evalu-
ation of prostate cancer (PCa) patients. PCa is one of
the most common cancer deaths among men.'’? Reg-
ular procedures followed for PCa identification are to
evaluate the level of prostate-specific membrane anti-
gen in the blood followed by digital rectal inspections.
After that, if PCa is suspected, transrectal biopsies of
the prostate are carried out to confirm PCa.'% How-
ever, biopsies sample random parts of the prostate, and
therefore, it is possible to omit regions where cancer is
present, thus leading to an incorrect diagnosis. In addi-
tion, biopsies are painful and often require hospitaliza-
tion. Here, guiding biopsies using counting or imaging
nuclear probe may be key to enhancing diagnoses.'’"
Figure 10 provides a schematic of the procedure fol-
lowed in PCa management comparing blinded biopsy
and probe-guided biopsy.

Similar to PCa, it occurs with kidney cancer, liver can-
cers (which are one of the most fatal cancer types
with incidence and mortality rates of 4.7% and 8.3%,
respectively') or to all cancer types that require resec-
tion or biopsy*2 In general, the 5-year survival rate of
cancer patients depends on several factors such as the
stage of the disease, the tumoral spreading to surround-
ing tissues, organs, regional lymph nodes, or to other
parts of the patient body.'%*

The survival rate and the prognosis of the patient
could be improved by accurately locating PSM dur-
ing tumoral resection or by guiding biopsy procedures.
For example, in Ref. [105], the authors report the use
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FIGURE 10
prostate cancer

of y-imaging probes assisted by the ROLL technique
for an enhanced location of small renal tumors; in
Ref. [100], the other group reports the use for breast
tumor identification; and in Ref. [101], for assessing
radical prostatectomy—all of them reporting promising
outcomes associated with the intraoperatively use of
nuclear probes.

5 | CONCLUSION

Nuclear medicine and, in particular, molecular imaging
have been demonstrated to be the area for helping
developments toward noninvasive clinical applications
such as patient malignancy staging, lesion identification
(i.e., SLN, tumors or other malignancies), surgical man-
agement of lesions, RGS (i.e., PSM assessment and
biopsy), treatment monitoring by checking the amount of
radiation delivered in a certain area, or dose optimization
among others.

Nuclear medicine probes have proven to be useful
medical tools for the abovementioned applications as
well as the precise location of other occult lesions.

In the present manuscript, a review highlighting
the development, basic components, and current SOA
nuclear medicine probes technology has been pre-
sented followed by a description of the types (i.e., count-
ing and imaging) and key performance parameters of
these probes, namely, global sensitivity, spatial reso-
lution, and spectroscopy capabilities (i.e., energy res-
olution). This document also provides a brief expla-
nation of the physics underlying each element build-
ing the probe’s detector such as scintillators crystals
and semiconductors, vacuum and solid-state photosen-
sors, as well as the different types of probes based
on the target radiation nature (i.e., gamma, beta, and
Cherenkov). Finally, SOA probes are reported in the
manuscript. After going through the present manuscript,
the reader should be aware of the practical consider-

Exempilification of the clinical procedure followed in PCa management, including blinded biopsy and probe-guided biopsy. PCa,

ations in designing, selecting, and using intraoperative
probes.

To summarize, nuclear probes are key components
of molecular imaging; thus, research should continue
investigating the “ideal probe” design, and efforts should
be taken to develop novel imaging probes beyond SOA
technology.
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